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Abstract

A study of a full-scale, semi-span business jet wing has been conducted
to investigate the potential of two types of high-lift devices for improving aircraft
high-lift performance. The research effort involved low-speed wind-tunnel tests
of micro-vortex generators and Gurney flaps applied to the flap system of the
business jet wing and included force and moment measurements, surface
pressure surveys and flow visualization on the wing and flap. Results showed
that the micro-vortex generators tested had no beneficial effects on the
longitudinal force characteristics in this pérticular application, while the Gurney
flaps were an effective means of increasing lift. However, the Gurney flaps also

caused an increase in drag in most circumstances.
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1.0 Introduction

There is a world-wide demand for more efficient aircraft and increased
aircraft performance. Innovative ideas for improving aerodynamic
characteristics are necessary to address that demand. One area of study is that
of high-lift aerodynamics. The concept of influencing flow to develop high lift
has been around since the early 1900's.1 Although the leading
aerodynamicists of that time had plenty of good ideas for achieving high lift,
their understanding was incomplete. Advancements in technology, greater
quantitative analytic skills and years of ekperience combine to provide a more
complete understanding than that of our predecessors. However, the
complicated flow physics associated with high-lift éystems still make the design
of such systems a challenge.2 Intense research in the high-lift area continues
so that aircraft of the future may reap the benefits.

Many aspects of an aircraft are affected by high-lift systems.
Performance, compliance with both safety and aircraft noise regulations, and
system complexity are important issues. High-lift systems are used primarily to
increase lift coefficients during takeoff and landing operations. If there is an
increase in lift without a significant increase in drag, then the lift-to-drag ratio
(/D) increases. During takeoff, an increase in L/D allows for shorter ground-roll
distances and a better rate-of-climb which affects not only aircraft performance
but also reduces aircraft noise.

Aircraft noise is becoming a more important issue in today's world. The
Federal Aviation Administration is enforcing more restrictive noise regulations.
Aircraft built for the future will have to meet the new Stage Il noise requirements
under Federal Aviation Regulation (FAR) Part 36.3 These regulations place

restrictions on the amount of noise an aircratft is allowed to make during its




takeoff and landing phases based on the weight of the aircraft. Older, noisier
aircraft that do not comply with the regulations are being retrofitted with new
noise-reducing technology or phased out of service. These new regulations will
have a significant impact on takeoff and landing operations. One idea for noise
reduction is that aircraft with improved high-lift systems could climb away from
the terminal area faster, thus decreasing airport and community noise. Another
idea is that with increased L/D, aircraft could perform takeoffs at reduced thrust
in order to decrease noise levels. However, such a procedure raises safety
concerns. Takeoffs at reduced thrust levels prevent the aircraft from gaining
altitude as quickly as it is otherwise capablé. This altitude could be valuable if
an emergency were to occur during the departure phase.

Current high-lift systems generally consist of very complex multi-element
airfoil arrangements which usually include a leading-edge slat and two or three
trailing-edge flaps. These systems already generate high lift, but it is desired to
have a simpler one-flap system that can achieve the same lift as a more
complex multi-flap system. A simpler system will allow for reduced weight,
improved maintainability, and easier manufacturing, thus reducing the cost of
operation.

The NASA Langley Research Center has been conducting anaiytical
studies as well as wind tunnel and flight tests on the high-lift systems of
transport aircraft.4 As part of this broad research program, an investigation of a
full-scale, semi-span business jet wing has been conducted in Langley's 30- by
60-Foot Tunnel. Two types of innovative high-lift devices were investigated as
part of this effort -- micro-vortex generators and Gurney flaps. This paper
presents and discusses the results of the micro-vortex generator and Gurney

flap study.




General descriptions of micro-vortex generators and Gurney flaps and
their associated flow physics are presented. This is followed by a brief
discussion of micro-vortex generator and Gurney flap history along with results
of previous investigations of these high-lift devices. Wind tunnel models of the
business jet wing and the high-lift devices investigated are then presented. The
test conditions are provided along with the experimental results and further
discussion. Concluding remarks and recommendations are made.

It should be noted that this study was generic in nature and its intention
was to gain knowledge in the area of high-lift aerodynamics and not necessarily

to improve the specific aircraft wing being tested.




2.0 Background

The two types of high-lift devices investigated in this study are micro-
vortex generators and Gurney flaps (figure 1). These two types of high-lift
devices were studied because of their simplicity, potential ease of application

and promising results in previous studies.5-21

2.1 Micro-Vortex Generators

Micro-vortex generators (MVGs) are sub-boundary layer height devices
that are mounted perpendicular to an airfoii surface upstream of a flow
separation region in order to prevent or delay turbulent boundary-layer
separation. The MVGs generate vortices that trail downstream enhancing
mixing between lower-energy air in the boundary layer near the surface and .
higher-energy air in the outer region of the boundary layer (figure 2). When
their location on the surface is properly selected (as discussed further shortly),
the MVGs continuously energize the boundary layer. The re-energization of the
boundary layer counteracts the natural tendency toward boundary layer
retardation and growth due to friction and adverse pressure gradients. Thus,
the energized flow can withstand larger adverse pressure gradients without
separating.5.6

In the past, vortex generators (VGs) have been used to increase mixing
between higher-energy free-stream flow and lower-energy boundary-layer
flow.5-12 Vortex generators were first investigated in 1947 by Bruynes and
Taylor? at United Aircraft Corporation (U. A. C.) as a means of improving the
efficiency of a tunnel diffuser by energizing the boundary layer and thus
delaying diffuser separation. The VGs introduced by Bruynes and Taylor are

the type most often used. Extremely simple in concept, these vane-type




generators project normal to the surface and are set at an angle of incidence to
the local flow thus acting as a lifting surface producing single trailing vortices
(figure 3). Years later at U. A. C., an investigation of more complex generators
(wedge, ramp, Christmas tree, etc., figure 4) was conducted but showed no
advantages over the conventional vane-type generators.8 Vane-type vortex
generators have also been used to prevent or delay flow separation and
therefore enhance aircraft wing lift.5.10.11 Another application of these VGs was
to reduce afterbody drag on a C-130 aircratft, thus increasing performance.5

All of the previously mentioned studies used VGs with a height on the
order of the boundary layer thickness (bj. it has been shown that decreasing
the height of the conventional vane-type vortex generators to only a fraction of &
(creating the micro-vortex generators mentioned earlier), can still provide
sufficient mixing for enhanced lift and results in less device drag.13.14 Studies
of micro-vortex generators have recently been conducted and have shown
MVGs to be effective at increasing lift and also at decreasing drag in some
cases.14 The study by Lin et al.14 showed that MVGs can be stowed in the flap-
well (figure 5) during cruise resulting in no cruise-drag penalty.

Although the idea of VGs and MVGs has been around for years, the
complexity of the resulting flow physics makes theoretically modeling the flow
very difficult. Most of the past investigations of VGs involved extensive
experimental testing and only occasionally were complimented by theoretical
work.8.10.12 However, recently, a few studies have addressed the need for a
mode! to assist in the optimization of new VG designs.15.16 The existing
models show the correct trends when compared to corresponding experimental
data but require some further improvements before they can be effectively used

for design.




Micro-vortex generator effectiveness is a function of orientation, spacing
and location. There are two basic types of orientations: co-rotating (COR) and
counter-rotating (CTR). When MVGs are oriented in a COR configuration, they
are all set at the same incidence angle to the flow, usually equally spaced,
producing vortices of equal strength that rotate in the same direction (figure 6a).
Counter-rotating MVGs are set alternately at positive and negative incidence
angles with respect to the flow, again generating vortices of equal strength that
now rotate in opposite directions. However, counter-rotating MVGs are
arranged in equally spaced pairs (figure 6b). Several studies show that
counter-rotating VGs/MVGs more effectively enhance mixing,”-9:13 while other
studies favor co-rotating VGs/MVGs.10.14

Correct spacing is the key to establishing an éffective vortex pattern.S
Co-rotating micro-vortex generators should not be placed closer together than
three times their height. In the case of co-rotating MVGs, if the vortices are
generated too close together, then the low-energy air being swept out by one
vortex could be swept into the surface again by the adjacent vortex. Thus when
the spacing is too small, the vortices tend to weaken one another. Fora CTR
configuration, the spacing between each MVG pair should be at least more than
four times the device height.5

It is necessary to place the MVGs upstream of the flow separation region
in order to energize the boundary layer and prevent or delay separation. The
distance upstream is determined by the strength of the vortex generated and its
orientation. VGs on the order of § in height tend to generate stronger vortices
that trail downstream further than the smaller MVGs that are submerged in the
boundary layer. Therefore, conventional VGs may be placed further upstream.
Although counter-rotating MVGs are effective over a short distance downstream,

they do not maintain their effectiveness as far downstream as co-rotating MVGs.




Therefore, for a longer effective range downstream a co-rotating MVG
orientation has advantages over a counter-rotating MVG orientation.5

Other factors that determine the effectiveness of MVGs are shape and
size. As previously mentioned, more complex vortex generators have not been
shown to have any advantages over the conventional vane-type generators.
The conventional vane-type generators are usually small plates or airfoils.
There are several common shapes for the vane-type generators. Rectangular,
delta and trapezoidal shapes (figure 7) have all been shown to be effective.11-
14 The correct size for micro-vortex generators is directly dependent on the
boundary-layer thickness. MVGs that aré only a fraction of § can still provide
flow mixing over a region several times their own height. Therefore, MVGs can
be as small as 20% of éin height and be effective; Typically, MVGs are not
larger than 50% of & in height.14 MVGs on the order of 20% of §in height have
a shorter effective range compared to MVGs on the order of 50% of éin height,

but they also have less device drag.

2.2 Gurney Flaps

Gurney flaps effectively increase the camber of an airfoil. As with other
trailing-edge (TE) high-lift devices, this results in an increase in maximum lift
available along with a reduction in the angle of attack for zero lift. The effects of
Gurney flaps on drag characteristics are not as well defined. There are some
studies that show that Gurney flaps reduce drag, some show no net changes in
drag and some show drag increases relative to a baseline clean-trailing-edge
configuration.17

Liebeck presented the first description of Gurney flaps in the literature.18
At the time of his Gurney flap study, the TE flow field of a conventional airfoil

was not completely understood.18 Figure 8a shows the proposed flow field




near the TE of a conventional airfoil operating at a moderate lift coefficient.18
Separation bubbles occur on the upper and lower surfaces as a result of the
boundary layer not being able to withstand the increase in adverse pressure
gradient. The results of Liebeck's Gurney flap study showed reduced drag. In
an attempt to explain these results, he hypothesized the TE flow field of an
airfoil with a Gurney flap (figure 8b).18 As the air flows over the upper surface of
the flap, it is partially deflected down toward the Gurney flap. The Gurney flap
helps to keep the flow attached and the effective increase in camber
accelerates the flow over the upper surface. The increase in flow velocity
results in a decrease in upper-surface preséure. On the lower surface, the air
"sees" the corner and separates upstream thus the pressure on the lower
surface is increased. The increase in pressure difference between the upper
and lower surfaces results in an increase in lift. Years later, Liebeck's
hypothesis was confirmed with a low Reynolds number water-tunnel study by
Neuhart and Pendergraft (figure 9).17

This hypothesis also proposes a reduction in drag. Since the Gurney
flap keeps the flow attached longer, the turning of the flow toward the Gurney
flap results in a smaller wake deficit than would occur for the no Gurney flap
configuration.18 Other experimental studies showed an increase in drag at low
to moderate lift coefficients. In these cases, it is possible that device drag was
outweighing the benefits of the Gurney flap. The debate over the effect of
Gurney flaps on drag characteristics is ongoing.

Another result of the addition of a Gurney flap to a high-lift system is an
increase in nose-down pitching moment due to the increased pressure
difference at the rear of the airfoil. Usually this type of increase in nose-down

pitching moment can be trimmed with a conventional tail.




The history of Gurney flaps does not date back nearly as far as that of
vortex generators. The Gurney flap was developed by Dan Gurney in the
1970's to produce additional "downforce" or negative lift on the inverted airfoil of
race car wings. The Gurney flap and rear wing combination on race cars
resulted in substantial improvements in obtainable cornering and straight-away
speeds due to the increased downforce as well as reduced drag.1® The
application of Gurney flaps to airfoils on aircraft was then also investigated and
experimental as well as computational work has been done.17-21

Several experimental investigations on race car wings (other than Dan
Gurney's) have been done and found Gufney flaps to increase lift as well as
drag.17 Also, studies of Gurney flaps applied to the horizontal tails and vertical
fins of various helicopter models were completed énd gave similar results.17

Applying a Gurney flap system to an aircraft differs from the application to
arace car. For an aircraft, the Gurney flap could cause a device-drag penalty
and should therefore be stowed while the aircraft is in cruising flight. The
possibility of stowing Gurney flaps during cruise was considered by Storms and
Jang.19 Since Gurney flaps are applied to the thin trailing edge of an airfoil, it is
not easy to install a hinge and other necessary hardware. Therefore, Storms
and Jang considered a miniature split-flap configuration (figure 10).19 For
testing a split-flap configuration, the Gurney flap was located a distance
approximately equal to its height forward of the trailing edge. The results were
comparable to the conventional trailing-edge Gurney flaps and showed no
degradation in flap effectiveness. The Storms and Jang study was compared to
a computational study by Jang, Ross and Cummings.20 The experimentally
measured results from reference 19 were in general agreement with the Navier-

Stokes computations done in reference 20. As a result of the study in reference




20, the ability to accurately predict Gurney flap effects computationally has been
somewhat successful.

Another recent experimental and computational study investigated the
use of Gurney flaps in combination with conventional flaps. The Gurney flaps
were placed near the trailing edge of the main airfoil element in the "cove"
region (figure 11).21 The cove is the cut-out region of the main element that the
flap retracts into. The effects of the cove Gurney flaps were similar to those of
the trailing-edge Gurney flaps in the previously mentioned studies. The cove
Gurney flaps increased the maximum lift coefficient. They also acted to delay
separation on the flap by turning the flow toWard the flap. An increase in nose-
down pitching moment was also evident.

Deciding on the size and location of Gurney fiaps is easier than for micro-
vortex generators because there are not as many variables. The thin plates
mounted at trailing-edge surfaces are generally on the order of 0.5% - 2.0%
local-wing-chord (cy). Studies have shown that a Gurney flap on the order of
0.5%cw yields most of the achievable lift increment. Increasing the Gurney flap
size further does result in slightly increased lift (although the effect is not linear)
but also results in a significant drag penalty. Gurney flaps are located either in

the "cove" region of the main element or at the trailing edge of a flap element.

This chapter has presented several previous investigations of micro-
vortex generators and Gurney flaps. While the previous two-dimensional
investigations of Gurney flaps have shown that they are an effective means of
increasing lift, a limit to the Gurney flap size is encountered when the potential
lift benefits are outweighed by significant drag and nose-down pitching moment
increases. Furthermore, previous MVG studies have shown that MVGs are

effective in increasing lift and decreasing drag in some two-dimensional
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circumstances. These results indicated that these two high-lift devices were
effective when applied to two-dimensional airfoils. This study was done to
evaluate the three-dimensional effects of micro-vortex generators and Gurney
flaps on the lift, drag and pitching moment characteristics of a typical business

jet wing.
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3.0 Wind Tunnel Models

3.1 Full-Scale, Semi-Span Business Jet Wing

The dimensions of the full-scale, semi-span business jet wing used in
this study are shown in table 1. The wing was mounted vertically in the NASA
Langley 30- by 60-Foot Tunnel with a generic fuselage at the wing root (figure
12) and was centered on a turn table on the ground board so that a full angle-
of-attack sweep (from -5° to 24°) could be done. Only the wing was metric (i.e.,
the external balance scales measured the wing longitudinal force and moment
data and not that of the generic fuselage). 'The generic fuselage was non-metric
and was there to simulate the correct flow pattern around the wing-fuselage
interface.

The wing high-lift system uses Fowler-type flaps. Fowler flaps (named
after H. D. Fowler) combine a slotted flap (which postpones separation by
directing high-velocity air from the lower surface over the flap upper surface)
with an aft translation of the flap. The aft translation of the flap allows for
increased lift by effectively extending the chord of the wing.22 The flap system
has double-slotted (DS) inboard and single-slotted (SS) outboard segments
and spans almost the entire trailing edge of the wing with the exception of an
aileron trim surface outboard. There is not a full-sized aileron to maneuver the
aircraft; therefore, a spoiler mounted flush with the airfoil surface in front of the
flap system is used for roll control. A schematic of the test wing is shown in
figure 13.

For the MVG and Gurney flap tests, the aft flap was fixed to the main flap
so that the entire flap system was a simpler SS system. The SS flap system
was hydraulically actuated and flap angles of 10°, 20° and 30° could therefore

be set from the control room of the 30- by 60-Foot Tunnel. A maximum flap
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deflection of 34° could be obtained by mechanically extending the push-rods
and fnanually setting the flaps to 34°.

The wing was instrumented with 600 surface pressure ports located at
nine stations along the span of the wing. These locations are numbered in
figure 13. Data was taken with an Electronically Scanned Pressure (ESP)
measurement system.

The cove region of the wing was "cluttered” with flap-tracks and push-
rods that were necessary for the actuation of the flap system. When the flaps
were deflected, there were gaps around the flap-tracks and push-rods (figure
14).

3.2 Micro-Vortex Generators

As mentioned previously, the size of MVGs depends on the boundary-
layer thickness, 6. Therefore, a Multi-Component AiRFoil analysis program,
MCARF,23 was used to predict the boundary layer on the main element as well
as on the main and aft flaps. From these predictions, seven different MVG
geometries were developed.” The basic MVG geometry is shown in figure 15
and the seven MVG geometries are summarized in table 2. All seven
geometries are trapezoidal in shape and vary in device height (h), length (/),
and leading-edge-sweep angle (y), while base width (w ), leading-edge radius
curvature (r), and device thickness (t) are constant at 0.25", 0.25" and 0.016",
respectively.

Separation must initially exist in order for the MVGs to be able to "clean
up" the flow by keeping it attached. The location of the separation region is

important to the location of the MVGs. Flow predictions on the business jet wing

* Dr. John C. Lin, Flow Modeling and Control Branch, NASA LaRC
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using the Multi-Surface Euler Solver code, MSES,24 were performed™ and
used to locate the MVGs. The MVGs were tested at several locations on the SS
flap.

The MVG design process using MCARF and MSES was based on the
manufacturer-supplied flap geometry data for a 30° deflection. After this study
was completed, it was discovered that these geometry coordinates were
actually for 36°. The possible impact of this discrepancy on the effectiveness of
the MVGs will be discussed in a later section.

The application of the MVGs to the SS flap system was somewhat
cumbersome. First the MVGs had to be mdunted into a guiding strip (figure 16)
which was constructed to provide the correct orientation, spacing and incidence
angle to the flow. Then, using masking tape, the MVGs were held in place while
the guiding strips were lined up on the flap at the location to be tested. Double-
sided tape was already positioned at the location to affix the MVGs. The
masking tape was removed along with the guiding strip, leaving the MVGs

fastened on the surface of the flap (figure 17).

3.3 Gurney Flaps

Gurney flap size is measured as a percentage of local wing chord. Once
the local wing chord was known, the size of the Gurney flaps was decided upon.
Based on past results,17-21 the Gurney flaps tested in this study were 0.5%,
1.0% and 2.0% local-wing-chord. Therefore, as the business jet wing tapered,
the Gurney flaps also tapered. Figure 18 shows a Gurney flap applied to the
trailing edge of the SS flap system. Different TE locations were tested and the

Gurney flaps were fixed to the TE surfaces with screws.

** Mr. Jay Hardin, Vehicle Performance Branch, NASA LaRC
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4.0 Wind Tunnel Tests

4.1 Test conditions

The NASA Langley 30- by 60-Foot Tunnel is an open test section,
double-return tunnel (figure 19). The MVG and Gurney flap tests were
conducted at a tunne! free-stream dynamic pressure of approximately 14 Ib/ft2.
This corresponds to a free-stream velocity of 108.5 ft/sec. The Reynolds
number, based on the mean aerodynamic chord, was 4.2 million.

Force and moment data along with surface pressure distributions were
measured over an angle-of-attack range -from -5° to 24°. Selected cases were
supplemented with some flow visualization information on the flap region as
well as on the whole wing. |

The data acquisition and reduction process in the 30- by 60-Foot Tunnel
uses the following devices and procedures. Forces and moments are
measured by a set of external balance “scales” located beneath the ground
board. Tunnel dynamic pressure is measured using a static pressure port
located upstream and corrected for tunnel blockage based on previously-
completed tunnel surveys. The instrumentation signals are filtered (1 Hz) and
sampled at 10 samples per second for 20 seconds. These data are read by a
NEFF interface into an HP 9000/400 workstation. All data are reduced on-line
and available to the test engineer via plots or printouts. Pressure data are read
by a PSI 8400 electronic scanner (ESP) system. Still photographs for flow
visualization were taken with a Hasselblad camera. The yarn tufts were
approximately four inches long with four inches spaced between them. The
uncertainty on the force and moment data was +3% at 95% reliability while the

uncertainty on the pressure data was 6% at 95% reliability.
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Micro-vortex generators were tested at four different local-flap-chord
Iocationé: 7%, 15%, 20% and 30% (figure 20). Most of the tests were run with
the maximum flap deflection of 34°, although a few cases were run with flaps set
at 30° (see table 3). The Gurney flaps were tested in four different
configurations (figures 21-24). Configuration 1 was tested at flap deflections of
10°, 20° and 30°. The 10° and 30° flap deflections represent takeoff and
landing configurations, respectively, for the aircraft. The other three
configurations were only tested at flap deflections of 20° and 30°. All the
Gurney flap cases are summarized in table 4.

Results from the MVG cases studied-will be presented in the order given
in table 3. For the MVG cases, the results will include longitudinal force and
moment data (F, M) and selected flow visualization information (T).

Gurney flap results will be presented in the order given in table 4.
Longitudinal force and moment data (F, M) will be presented for all of the
Gurney flap results along with some surface pressure distributions (P). The
Gurney flaps showed no apparent effect on upper-surface flow; therefore, no

flow visualization information is presented for the Gurney flaps.

4.2 Results and Discussion

This section summarizes the results of the MVG and Gurney flap tests.
First, a comparison of the effects of the various MVG configurations is made,
followed by a brief discussion and explanation of the results. The MVG results
are shown in figures 26-42. Then, the effects of the various Gurney flap
configurations are compared, results are discussed and a short performance

analysis is done. Figures 43-79 show the Gurney flap results.
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4.2.1 Micro-vortex generators

Prior to testing any MVG geometry, some flow visualization was done on
the baseline wing (no MVGs) with the maximum flap deflection of 34°. Figure
25a shows that for a low angle of attack, a = 0°, the flow over the main element
is fully attached while the flow over the SS flap element contains a great deal of
separation. At this ¢, it is apparent that the flap-tracks, gaps and push-rods
necessary for flap extension cause "pockets” of separation behind them. Ata
= 6° (figure 25b), the flow over the main element is still clean, and the flow on
the SS flap element is still mostly separated. Around a = 18° (figure 25c), the
onset of the stall can be seen on the inbdard section of the wing, as would be
expected. By a = 24° (figure 25d), the flow over the whole wing is fully
separated. The flow visualization information helped characterize the flow over
the full-scale, semi-span business jet wing. Because of the large amounts of
flow separation that appeared in the flap region (due to the flap-tracks, gaps
and push-rods) even at low ¢, it was decided that MVG geometry 6, the largest
MVG (based on height and length), should be tested first.

Figures 26 and 27 show the effects of MVG 6 orientation on the
longitudinal force and moment data. First a COR orientation was tested and
when it had no apparent effect, a CTR orientation (with all other variables
remaining the séme) was tested. These figures show that, for the configurations
tested, neither the COR nor the CTR orientation significantly affected lift, drag or
pitching moment on the wing. Note that the data in figure 27 (as well as in the
other pitching moment coefficient figures) is for a wing only and shows an
unstable (Cmq > 0) slope as a result. The flow visualization pictures of the tufted
SS flap in figure 28 compare the baseline wing with no MVGs to the COR-
orientation case. The flow visualization confirms that the MVG configurations

tested in these cases had little or no effect on flow separation.
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Next, MVG 6 was tested at 30%cr with an angle of incidence to the flow of
23°. It was hoped that the larger incidence angle would allow MVG 6 to
produce vortices strong enough to show some desired effects, and that moving
the MVGs further downstream to 30%cr might be beneficial. Moving the MVGs
to 30%cr would assure that the vortices were stronger when they reached the
separation region. This configuration, however, was also unable to noticeably
influence the flow (figures 29 and 30).

Since moving the MVG location further downstream from 20% to 30%cy
had no noticeable effect, the next case moved the MVGs to 15% local-flap-
chord. However, MVG 5 was tested instead. MVG 5 has the same height (h) as
MVG 6 but is shorter (/). At locations (Cy) further upstream, the surface had more
curvature and MVG 5 was more applicable to these locations because of its
shorter length. Results similar to the previous cases were obtained (figures 31
and 32). |

it was decided that no variation of the MVG geometry, orientation,
location, etc. was going to be effective because of the separation caused by the
flap-tracks and push-rods. Therefore, a model modification was made. For the
rest of the MVG tests, the flap-tracks, gaps and push-rods were taped in an
attempt to clean up the flow. Figure 33 shows that taping the wing produces an
increase in lift and a decrease in drag. Figure 34 compares the moment
characteristics of the untaped and taped wing. The effects of taping can also be
seen in the flow visualization pictures in figure 35.

The next three cases were run with MVG 5 even further upstream at 7%cy
and B = 23°, varying spacing and flap deflection (see table 3). Figures 36 and
37 show that varying spacing from 1" to 2" had no significant effect. Figures 38
and 39 show the difference between a 30° flap deflection and the 34° flap

deflection used in all of the previous cases. As would be expected, the 30° flap
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deflection does not produce as much lift or drag or cause as much of a nose-
down pitching moment. Comparing the baseline wing at 30° to the wing with
MVG 5 at 30°, shows that the MVGs cause a decrease in lift.

The final two cases studied were for MVG 5 moved to 20%cr with a COR
orientation, = 23° and a flap deflection of 30° while varying spacing. These
configurations again showed little effect on separation, similar to the other 30°
tests already mentioned (figures 40 and 41). Due to time constraints and the
fact that the MVGs tested thus far appeared to have no effect on flow separation
control, the other MVG geometries were not tested.

The MVG configurations studied Were tested with flap deflections of 34°
and 30° which represent a landing configuration for the aircraft. Evaluation of
MVG effectiveness on separation control was based mainly on lift enhancement
and drag reduction. None of the MVG configurations showed an increase in lift,
or a decrease in drag. The flow visualization presented in figure 28 is
representative of most of the MVGs studied.

A possible explanation for the lack of MVG effectiveness is based on the
previously mentioned discrepancy concerning the flap deflection geometry
used in the MSES predictions. Note that these discrepancies were discovered
during the analysis of results aftertesting. When MSES was run (prior to
testing) for what was thought to be a 30° flap deflection, a 36° flap geometry
was actually being run. These predictions did not show much separation, so
MSES was run for a larger flap deflection. The larger flap deflection (thought to
be 35°) was actually 41° (which is unattainable on the model). These MSES
predictions did indicate enough separation to warrant the use of MVGs.
Therefore, during testing, a flap deflection of 34° (maximum attainable on the
model) was used to assure that there was separation. However, there was not

sufficient separation at 34° caused by adverse pressure gradients due to airfoil

19




shape. Most of the separation on the flap that did occur was because of the flap
extension hardware (MSES was unable to predict the separation regions
caused by the flap-tracks, gaps and push-rods). The large amount of flap
extension hardware per foot of flap caused "pockets” of separation (figure 42).
The MVGs designed for this study were unable to affect the flow in these
regions. The small regions of flow between these "pockets” of separation were
already mostly attached. Therefore, the MVGs did not have sufficient separation
in these regions to show any significant effects. Taping the flap-tracks, gaps
and push-rods in an attempt to minimize their effects did result in "cleaner” flow
compared to the untaped wing. However, the MVGs still did not have a
noticeable effect because again, there was not (aerodynamic) separation to

"clean up".

4.2.2 Gurney flaps

For clarity, the results from the various Gurney flap configurations will be
presented grouped by configuration beginning with Configuration 1 (figure 21),
followed by Configurations 2 (figure 22), 3 (figure 23) and 4 (figure 24). Table 4
summarizes the different cases in this manner.

The tape on the flap-tracks, gaps and push-rods of the wing was
removed for the Gurney flap runs. The flap region of the wing remained tufted,
however, the Gurney flaps showed little effect in the flow visualization tests.
Therefore, no flow visualization resuits are presented.

Configuration 1 consists of the Gurney flap at the TE of the SS flap (figure
21). All three Gurney flap sizes (0.5%, 1.0% and 2.0%) were tested in this
configuration. Figures 43 and 44 show how the Gumney flaps effect the lift
coefficient (Cr), drag coefficient (Cp) and lift-to-drag ratio (L/D) at a takeoff flap
deflection of 10°. The 2.0% Gurney flap was not tested at 10°. The Gurney
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flaps show an increase in C; throughout the alpha range and also an increase
in Cp for a given C at low to moderate lift coefficients. However, figure 43
shows that the 0.5% Gurney flap yields a significant increase in lift coefficient
over the baseline while only a modest increase in drag coefficient compared to
the 1.0% Gurney flap. Figure 44 shows that both the 0.5% and 1.0% Gurney
flaps decrease L/D. The expected increase in nose-down pitching moment
caused by the Gurney flaps is shown in figure 45. .

Similar results can be seen in figures 46 through 48 for a flap deflection
of 20°. With the addition of the 2.0% Gurney flap results in these figures, it is
more apparent that as the Gurney flap sfze increases, the increase in C; over
the baseline (no Gufney flap) also increases. However, the larger Gurney flap
significantly increases Cp for a given C; and further decreases L/D. Also, the
larger Gurney flap further increases the nose-down pitching moment.

A 30° flap deflection corresponds to a landing configuration. These
results are shown in figures 49-51. The Gurney flaps increase Cy throughout
the alpha range prior to stall along with increasing Cp for a given C; and
decreasing L/D. Again the addition of Gurney flaps result in an expected
increase in nose-down pitching moment.

The 0.5% Gurney flap has yielded the largest increase in C for the
smallest increase in Cp thus far. Therefore, this configuration will be used to
show how the Gurney flaps effect pressure distributions at the TE of the SS flap.
Figures 52 and 53 show results for 10° and 30° flap deflections, respectively,
taken at the 1440 pressure location on the wing (figure 13). As mentioned in an
earlier section, the Gurney flaps affect the pressure at the TE of the airfoil.
These results show that the Gurney flaps decrease Cp on the upper surface

while increasing Cp on the lower surface, thus increasing the pressure
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difference between the upper and lower surfaces. This increase results in the
previously mentioned increases in C and nose-down pitching moment.
Looking at C, for the angle of attack compatible with landing (about
a=4}§°, an aircraft characteristic provided by the manufacturer) in figure 51,
shows that the increase in nose-down pitching moment caused by the 0.5%
Gurney flap when compared to the SS baseline is on the order of 0.03. The
study in reference 25 can be used to find a corresponding horizontal tail
deflection for ACy = 0.03. Reference 25 is a study of a typical business jet and
its results are used here to give an approximation for the tail deflection required
to trim the increase in nose-down pitching rﬁoment caused by the 0.5% Gurney
flap. According to reference 25, this ACyy = 0.03 corresponds to about a 2°
horizontal tail deflection. Therefore, the small increase in nose-down pitching
moment could be easily trimmed with a conventional tail. Later in this section
Gurney flap results will be compared to DS flap (with no Gurney flap) results.
The next cases presented are for Configuration 2, which consists of the
1.0% Gurney flap mounted forward of the trailing edge of the SS flap (figure 22).
This configuration was tested at flap deflections of 20° and 30°. Mounting the
Gurney flap forward of the TE of the SS flap represents a "split-flap"
configuration. It would be easier to employ such a split-flap than to put a
Gurney flap at the thin TE of a flap. The split-flap was studied to see how its
effects compare to the Gurney flap at the TE of the SS flap (Configuration 1).
Figures 54-56 and 57-59 show this comparison for flap deflections of 20° and
30° respectively. The curves are nearly identical. However, for both 20° and
30°, the 1.0% Gurney flap in Configuration 1 shows a slight increase in C; over
the 1.0% Gurney flap in Configuration 2 and slightly more Cp for a given Cy. .

Both configurations decrease L/D, however, Configuration 2 does not have as
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large a decrease as Configuration 1. Configuration 2 also does not have as
large an increase in nose-down pitching moment as Configuration 1.

Configuration 3 studies the 0.5% Gurney flap in the cove region (figure
23). As with Configuration 2, these tests were performed at 20° and 30° fiap
deflections. This configuration was investigated to see if it showed any
advantages over mounting the 0.5% Gurney flap at the TE of the SS flap. The
0.5% Gurney flap in the cove decreases Cy slightly compared to the baseline at
a flap deflection of 20° - unlike the other configurations tested thus far (figure
60). The two C; versus Cp curves are very similar (figure 60), although at low
drag coefficients it appears that the cove Gurney flap has slightly less Cp for a
given C; than the baseline wing. Also for a given C;, Configuration 3 has less
drag than the 0.5% Gurney flap Configuration 1. The 0.5% Gurney flap in the
cove also results in an increase in L/D (figure 61) as well as a decrease in
nose-down pitching moment (figure 62) compared to the baseline and
Configuration 1.

When the SS flap is deflected 30°, the 0.5% cove Gurney flap shows an
almost identical C-curve to the baseline throughout the alpha range prior to
stall. The 0.5% cove Gurney flap shows a slight increase in Cymax over the
baseline (figure 63). Although the 0.5% Gurney flap at the TE of the SS flap
shows an increase in Cp over both the baseline and the cove Gurney flap, it
also results in more Cp for given C; (figure 63). The cove Gurney flap results in
less Cpfor a given C; compared to the baseline at a flap deflection of 30°
(figure 63) and a higher L/D curve (figure 64). Figure 65 shows that the cove
Gurney flap decreases nose-down pitching moment, which is a different result
than expected based on results from the Gurney flaps mounted at the TE of the
SS flap. The inset plot in figure 65 shows the surface pressure coefficient

versus x/c position on the flap for the 0.5% cove Gurney flap and the baseline.
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The Gurmey flap in the cove decreases positive pressure on the lower surface of
the flap. At a 30° flap deflection, the decrease in positive pressure on the lower
surface means less force pushing on the flap in the drag direction. Because the
flap is behind and below the center of gravity of the wing, this effect appears as
a decrease in nose-down pitching moment compared to that of the baseline.

The last Gumney flap configuration is Configuration 4 (figure 24). These
cases consisted of the 0.5% cove Gurney flap and the 1.0% Gurney flap at the
TE of the SS ﬂép in combination. Again, only flap deflections of 20° and 30°
were tested. This investigation proposed combining the increase in C; from the
1.0% TE Gurney flap with the decrease in Cb from the 0.5% cove Gurney flap.
Figures 66-68 and 69-71 show the results of Configurations 1, 3, and 4 plotted
against the baseline for flap deflections of 20° and 30°, respectively. The 0.5%
and 1.0% Gurney flaps in combination (Config. 4) result in slightly less C; than
the 1.0% alone (Config. 1, figures 66 and 69). Figures 66 and 69 also show that
for a given Cr, Configuration 4 has slightly less Cp than Configuration 1.
Configuration 3 (the 0.5% Gurney flap in the cove alone) is the only
configuration to show an increase in L/D over the baseline (figures 67 and 70).
However, Configuration 4 does increase L/D over Configuration 1. Figures 68
and 71 show that the two Gurney flaps in combination (Config. 4) do not
increase the nose-down pitching moment as much as the 1.0% alone at '_the TE
of the SS flap (Config. 1).

As previously mentioned, the effect of Gurney flaps on drag
characteristics has not been consistent from one study to the next. In this study,
Gurney flaps applied to the TE of the SS flap increased drag. They also were
effective in increasing lift characteristics in this configuration. Unlike the micro-
vortex generators, the Gurney flaps were not dependent on flow separation

existing and their effectiveness was not inhibited by the separation caused by
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the flap extension hardware. The effective increase in camber as a result of the
Gurney flaps is the reason for the increases in lift. Similar to the description in
Section 2.2, Gurney flaps caused the flow velocity over the upper surface of the
airfoil to increase and reduced the flow velocity over the lower surface. This
resulted in the noted increase in pressure difference between the upper and
lower surfaces of the flap, which, in turn, resulted in an increase in lift and nose-
down pitching moment on the wing. Because there was not much separation
on the flap due to adverse pressure gradients (mentioned earlier), the Gurney
flaps did not reduce drag by reducing the wake region behind the flap. Any
reduction in the wake region the Gurney'ﬂaps may have caused was
outweighed by the drag increase due to the forward facing flat plate area of the
Gurney flaps. The larger the Gurney flap size, thé larger the increase in drag.

The results obtained when the 0.5% Gumey flap was mounted in the
cove region differed from the results for the Gurney flaps at the TE of the SS
flap. It is likely that the Gurney flap in the cove region restricted air flowing
through the gap between the main wing element and the flap by decreasing the
gap size. The airflow which would normally flow through the gap would then
move along the flap lower surface, resulting in a slightly more negative surface
pressure distribution. The result would be the noted drag decrease.

It is of interest to see how a SS flap with Gurney flaps compares to a
conventional DS flap without Gurney flaps. Figures 72-74 and 75-77 compare
a SS flap with no Gurney flap and a DS flap with no Gurney flap to the 0.5%
and 1.0% Gurney flaps in Configuration 1 for flap deflections of 10° and 30°,
respectively. At a flap deflection of 10°, when the DS system is simplified to a
SS system, lift is lost. Adding Gurney flaps to the SS flap system produces
more lift than the DS flap with no Gurney flaps, as well as more drag (figure 72).

The Gurney flap configurations decrease L/D compared to the baseline cases
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(SS and DS flaps without Gurney flaps) at a 10° flap deflection (figure 73).
They also increase the nose-down pitching moment compared to the DS flap at
10° deflection (figure 74). At low angles of attack, where the increase is more
significant, the increase in nose-down pitching moment caused by the larger
1.0% Gurney flap is still only on the order of 0.04. Using reference 25 again,
ACm = 0.04 also corresponds to about a 2° horizontal tail deflection. Therefore,
the increase in nose-down pitching moment caused by the 1.0% Gurney flap
could be trimmed (earlier in this section this was shown for the 0.5% Gurney
flap).

Figure 75 shows that at a 30° flap déflection, the simplified SS system
produces significantly less lift than that achievable with the DS system. Adding
Gurney flaps to the SS flap at this flap deflection provides lift comparable to that
achieved with the DS flap system. The 0.5% Gurney flap has less drag than the
DS flap at 30° deflection. The 0.5% Gurney flap even shows an increase in L/D
over the DS flap (figure 76). Although the 0.5% Gurney flap increases the nose-
down pitching moment when compared to the baseline SS flap at 30°
deflection, it does not increase nose-down pitching moment as much as the

baseline DS flap (figure 77).
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5.0 Performance Analysis

A short performance analysis for takeoff and landing operations of a
typical business jet éircraﬁ was done to evaluate the effectiveness of the Gurney
flaps when they are mounted at the TE of the SS flap. Following reference 26,
the total takeoff distance over a 50-foot obstacle was divided into four segments
(figure 78a) and the total landing distance from a 50-foot obstacle was divided
into three segments (figure 78b). The following equations from reference 26
were used to compute each of these distances. The total takeoff distance (Sto)
to clear a 50-foot obstacle is the sum of the ground distance (Sg), rotation

distance (Sg), transition distance (S7r), and climb distance (ScL):

1.44(W/S)r0

Sc= (1)
T _D_ L
gpCL max[w W uro(f W )]
where D= Y pV2SCowt and Coiwt = Cbiest + CDgear + CDtwn

Sr=3Vro (2)
Smm=RsinfcL (3)

Vo . T-D

where R=——— and sin =
0.15¢g fcr Wro
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50-hmr
tan fcL

ScL=

(4)

where hm=R(1-cos8c.)

Similarly, the total landing distance (S.) over a 50-foot obstacle is the sum of

the air distance (Sp), free-roll distance (Srg), and braking distance (Sg):

_L[VEVE
SA—B[T-'-SO (5)
SrR=3Vm (6)
Sg= W In|1+25 (Eo= _o, V3 (7)
Coror 2WL ML
guLpS T—CL

Constants in equations 1-7 were fixed at the values given in table 5.
Furthermore, tables 6a-d provide all needed variables for equations 1-7.
Takeoff and landing distances for several configurations are found in tables 7
and 8, respectively. Figure 79 shows the takeoff and landing performance
analysis for DS and SS flaps with no Gurney flaps along with the 0.5% and
1.0% Gurney flaps in Configuration 1. The zero on the x-axis corresponds to
configurations without Gurney flaps (baselines). Takeoff distances for the SS

and DS baseline cases differ by less than 100 feet. Adding a 0.5% Gurney flap
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to the SS flap decreases takeoff distance by about 3.5% compared to the DS
flap baseline and 5% compared to the SS flap baseline. The 1.0% Gurney flap
decreases takeoff distance by about 5% compared to the DS flap baseline and
6.6% compared to the SS flap baseline. For the baseline cases, landing
distance differs more than for the takeoff distances. The addition of the 0.5%
Gurney flap to the SS flap decreases the landing distance by 4.7% - to almost
the same distance achieved with the DS flap. The larger 1.0% Gurney flap
does not have more of a benefit than the 0.5% during landing. This
performance analysis shows that the SS flap with the 0.5% Gurney flap can
achieve a better takeoff distance and a cbmparable landing distance to that of

the DS flap system.
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6.0 Concluding Remarks

Micro-vortex generators were applied to a single-siotted flap system of a
full-scale, semi-span business jet wing at flap deflections of 34° and 30°. Two
trapezoidal shaped, vane-type micro-vortex generators, with the same height
but different lengths, were investigated in several different configurations.

Three sizes of Gurney flaps were tested on a single-siotted flap system of
a full-scale, semi-span business jet wing at flap deflections of 10°, 20° and 30°.

Four different applications of the Gurney flap concept were investigated.

6.1 Micro-vortex generators

The micro-vortex generators tested showed ho significant lift
enhancement or drag reduction. The wing used for the micro-vortex generator
tests had unexpected flow separation due to the flap extension hardware rather
than undesirable separation due to the presence of adverse pressure gradients.
This is a possible reason the micro-vortex generators were unable to affect flow

separation.

6.2 Gurney flaps
The following conclusions are made about the effects of Gurney flaps on
high-lift characteristics:
1) In general, Gurney flaps are an effective means of increasing the
maximum lift coefficient. However, they do increase drag and decrease
the lift-to-drag ratio in most cases.
2) Results for Gurney flaps applied to the trailing edge of a single-slotted
flap (Configuration 1) show:

a) The larger the Gurney flap size, the more lift and drag result,
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although the increases are not linear. Gurney flaps in this

configuration also reduce the lift-to-drag ratio.

b) The small increase in nose-down pitching moment that results

from the addition of a Gurney flap can be easily trimmed with

moderate deflections of a conventional horizontal tail surface.

c) 0.5% and 1.0% Gurney flaps decrease the takeoff distance to

clear a 50-foot obstacle compared to a double-slotted flap system.

The landing distance over a 50-foot obstacle is comparable for the

0.5% and 1.0% Gurney flaps and the double-slotted flap system.
2) When the 1.0% Gurney flap is fnounted approximately one inch
forward of the trailing edge (Config. 2), the results are comparable to the
1.0% Gurney flap in Configuration 1. The data of Configuration 2 shows
less of a decrease in the lift-to-drag ratio and less of an increase in the
nose-down pitching moment compared to the data of Configuration 1.
3) Resuilts for the 0.5% Gurney flap in the cove region of the main wing
element (Configuration 3) indicated:

a) No significant lift enhancement.

b) A noticeable decrease in drag compared to the

baseline single-slotted flap.

c) A slight increase in the lift-to-drag ratio.

d) Less of an increase in nose-down pitching moment than

when compared to results of the baseline single-slotted flap.
4) Combining the 0.5% cove Gurney flap with the 1.0% Gurney flap at
the trailing edge of the single-slotted flap (Configuration 4) results in:

a) Less lift and drag than the 1.0% Gurney flap alone (Config. 1).

b) Anincrease in the lift-to-drag ratio compared to Configuration 1

but a decrease compared to the baseline.
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c) Less nose-down pitching moment increase than

Configuration 1.

The application of high-lift devices to the three-dimensional wing of a
typical business jet aircraft shows that, in this study, Gumney flaps are an
effective high-lift device, yet micro-vortex generators are not. The performance
analysis indicates that Gurney flaps mounted at the trailing edge of the single-

slotted flap improve takeoff and landing distances compared to a conventional

double-slotted flap system.
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7.0 Recommendations

71 Micro-voftex generators

In the past, studies have shown MVGs to be an effective means of
controlling boundary-layer separation. Although in this study the micro-vortex
generators were not effective, it should not be concluded that they will not work
in other cases. Further investigations of MVGs applied to three-dimensional
wings should be done. First, it is necessary to answer questions about what
type of airfoil configurations MVGs would have beneficial effects on. Also, more
studies could help identify effective MVGAconfigurations. For example, what
orientation is best in a certain situation. Further investigations would allow for a
data base on MVGs to build and could aid in the development of theoretical
three-dimensional models needed to accurately predict MVG performance.
Theoretical models would benefit the experimental design stage and the
interpretation of experimental results.

Vortex generators are already successfully applied to several types of
aircraft. The idea of micro-vortex generators used to develop high lift shows
promise and the idea of stowing MVGs during cruise is worth further

investigation also.

7.2 Gurney flaps

The high-lift systems of today are effective at improving the low-speed
performance characteristics of transport aircraft. It is, however, necessary to
further increase performance for the next generation of aircraft. The possibility
of adding Gurney flaps to high-lift systems exists because of their simplicity and
significant impact on the aerodynamic performance of airfoils. Now that the

benefits of Gurney flaps are known, the actual application to an aircraft wing
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needs to be considered. The question of whether or not a Gurney flap needs to
be retracted in cruise needs to be answered. It is possible that the benefit from
the decrease in angle of attack for zero lift could outweigh the drag-device
penalty. Ifitis found that the Gurney flaps would need to be retracted in cruise,
then the "split-flap™ configuration should be further investigated. A configuration
not tested in this study that should be looked at is a split-flap in the cove. Most
of the configurations in this study were not tested at a 10° flap deflection.
Gurney flap configurations that seem promising should be tested at landing as
well as takeoff flap deflections to see which Gurney flap configurations benefit
both phases of operation. Once there is a éolid data base for Gurney flaps,

some configurations should be tested in flight.
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Tables

Table 1. Dimensions of the full-scale, semi-span business jet wing tested

Wing area (exposed SBMI-SPAN) ........ccecrrruerrereecrssrsessmsemsesssssassssessaesesessace 98.246 ft2
Wing span (exposed SEMI-SPAN) .......cccceveeerrrecrerenrsrereesrsesessssssessasssssesesssens 18.839 ft
Mean aerodynamic chord (EXPOSEM) .....cccceerererrenerrrsneerererecsesseseeneessesernes 6.0833 ft
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Table 2. Micro-vortex generator geometries

MVG Height, h Length, / Leading-edge sweep
geometry (inches) (inches) angle, y(degrees)

1 0.200 0.750 30.0

2 0.200 0.816 22.6

3 0.200 0.682 45.0

4 0.150 0.948 22.6

'5 0.250 0.761 22.6

‘6 0.250 1 .620 22.6

7 0.150 0.612 ‘ 22.6

*Micro-vortex generator geometries tested

Table 3. Micro-vortex generator cases

MVG MVG Cr B ) 6f | Wing | Data | Fig
Case geometry | orientation | (%) | (deg) | (in) | (deg) | taped | type #s
1 6 COR 20 16 1 34 no | FMT |26-28
2 6 CTR 20 16 |2,d=1} 34 no FM | 26,27
3 6 COR 30 23 1 34 no FM | 29,30
4 5 COR 15 23 1 34 no FM | 31,32
5 5 COR 7 23 1 34 yes F.M | 36,37
6 5 COR 7 23 2 34 yes | FM |36-39
7 5 COR 7 23 2 30 yes FM | 38,39
8 5 COR 20 23 1 30 yes F.M | 40,41
9 5 COR 20 23 2 30 | yes FM | 40,41

Note: F = force data, M = moment data, T = flow visualization information
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Table 4. Gumey flap cases

Gurney flap | SS flap angle, Data Figure
Configuration
size (% cw) Or (deg) type #s
0.5 F.M,P 43-45,52
1.0 10 F.M 43-45
0.5 F.M 46-48
1.0 20 FM 46-48
1 2.0 F.M 46-48
0.5 F.MP 49-51,53
1.0 30 F.M 49-51
2.0 F.M 49-51
1.0 20 FM 54-56
2 1.0 30 F.M 57-59
0.5 20 F.M 60-62
° 0.5 30 FM 63-65
0.5&1.0 20 F.M 66-68
) 0.5&1.0 30 FM 69-71

Note: F = force data, M = moment data, P = surface pressure data
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Table 5. Performance analysis equation constants

GTAVIY, G wveveeereerrensnscsncsessssssmsssssssesssasessssssessssssssssssssssssssssssssssssasssssasssssssosssssssass 32.2 fi/s2
DENSHY, P crverreerenrcerenssessssssssssssssssssssssssssesssssssesssssssesssessesssssssssssnssass 0.002377 slug/ft3
WING @A, S ....oeceeeesrreressrarrsesssssssssrmssssssssssssssssssssssssssssssessssisssessssssssssssesssssnssas 241.4 ft2
Takeoff weight, WTo ..ottt snnsssseencsnsssnsssssssssssens 16,100 Ibs
Landing weight, W[ insinsesessassnnsasinsnssssssssssesessssassssesens 15,700 Ibs
TRIUSE, T ceeeeeceeneeceressesseesessesssssssssssnssisassssssssssansssssssssssssnosussassnssassaassessassasasans 5800 Ibs
Takeoff coefficient of fICHION, LTO .cccvevveerrerrerenrcssressinssssctisiensssesasesnssssnnesansssnssseens 0.02
Landing coefficient of friction, .................................................. 0.4
Drag coefficient due to landing gear (reference 26), Cpgear ...--s-sseseeresesereesnnne 0.21

Drag coefficient due to fuselage, horizontal and vertical tails, and

nacelles (reference 27), CDAvn o ewseerisimneiminnnesimsiciiimmeesssiesss 0.02
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Table 6a. Takeoff and landing variables for the baseline wing

with a single-slotted flap

Dist. CLm_ax "4 CL L CD,_”; CDQL D R Oc. hTR
0.7Vro @a=0° @a=0°
Sc | 1.6582 3788.7 0.2525| 1729.8
154.53 | 0.5530 0.0225
Vo
Srn | 1.6582
220.75
Vio |0.8Cimax @C,;=1.3
Sta | 1.6582 0.2908 | 4066.2 | 10,089 | 6.182°
220.75| 1.3266 0.0608
VTO 0-8CLmax @CL-1.3
Sct | 1.6582 0.2908 | 4066.2 | 10,089 | 6.182° | 58.672
220.75| 1.3266 0.0608
Vso | @L=W, @Cy=1.2
V=Vso
217.23 0.0957
Sa | 2.0097 1.1596 | 15,700 0.3257 | 4409.4
Vip
192.17
Vip
Srr | 2.0097
192.17
Vip | @a=0° @a=0°
Ss | 2.0097 0.3145
192.17| 1.0757 0.0845
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Table 6b. Takeoff and landing variables for the baseline wing

with a double-slotted flap

0.7Vro | @a=0° @a=0°
Sc | 1.6870 4136.2 0.2533 | 1705.7
153.20 | 0.6142 0.0233
Vro
Srn | 1.6870
218.86
Vro 0.8C max @CLf'1-3
Sta | 1.6870 0.2932 | 4030.0 | 9917.2| 6.312°
218.86| 1.3496 0.0632
Vro 0.8C max @C;=1.3 _
Sct. | 1.6870 0.2932 | 4030.0 | 9917.2| 6.312° | 60.113
218.86| 1.3496 0.0632
Vso @L=W, @C;=1.3
V=Vso
208.39 0.1162
Sa | 2.1839 1.2601 | 15,700 0.3462 | 4313.4
Vo
184.34
Vio
Sra | 2.1839
184.34
Vo @a=0° @a=0°
Ss | 2.1839 0.3462
184.34 | 1.2558 0.1162
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Table 6¢c. Takeoff and landing variables for the 0.5% Gurney flap

at the trailing edge of the single-slotted flap

Dist. CLmax "4 CL L CDresI CDIO! D R 9CL hTR
0.7Vyo | @a=0° @a=0°
Se [1.7571 4576.5 0.2598 | 1679.7
150.12] 0.7078 0.0298
Vo
Snr 1.7571
214.45
Vio | 0.8C max @C =14
Sta [1.7571 0.3004 | 3963.9 | 9521.6| 6.548°
214.45| 1.4057 0.0704
Vro 0.8C max @C =14 v
Sct |1.7571 0.3004 | 3963.9 | 9521.6| 6.548° | 62.119
214.45| 1.4057 0.0704
Vso | @L=W, @C,=1.3
V=Vso0
208.43 0.1047
Sa | 2.1830 1.2596 | 15,700 0.3347 | 4172.3
Vo
184.38
Vio
Srr | 2.1830
184.38
Vip @a=0° @a=0°
Ss | 2.1830 0.3347
184.38| 1.1867 0.1047
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Table 6d. Takeoff and landing variables for the 1.0% Gurney flap

at the trailing edge of the single-slotted flap

0.7Vyo | @a=0° @a=0°
Se | 1.7995 4955.8 0.2676 | 1689.7
148.34 ] 0.7850 0.0376
Vro
Sh 1.7995
211.91
Srr 1.7995 0.3044 | 3922.5 | 9297.2| 6.697°
211.91] 1.4396 0.0744
VTO 0.8CLmax @CL-1.4 ) -
Sct 1.7995 0.3044 | 3922.5 | 9297.2| 6.697° | 63.435
211.91] 1.4396 0.0744 :
Vso | @L=W, @C; =12
V=Vso
209.29 0.1154
Sa |2.1652 1.2494 | 15,700 0.3454 | 4340.0
Vo
185.14
Vip
Srrn | 2.1652
185.14
Vio | @a=0° @a=0°
Se | 2.1652 0.3454
185.14| 1.2312 0.1154
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Table 7. Takeoff performance analysis, &f =10°

Configuration SG Sr STtR ScL S1o
Baseline wing
3186 662 1087 0 4935
SS flap
Baseline wing
3106 657 1090 0 4853
DS flap
0.5% Gurney
flap at TE of 2956 643 1086 0 4685
SS flap
1.0% Gurney
flap at TE of 2888 636 1084 0 4608
SS flap

Table 8. Landing performance analysis, éf = 30°

Configuration Sa SFR Sp St
Baseline wing
745 577 1595 2917
SS flap
Baseline wing
716 553 1511 2780
DS flap
0.5% Gurney
flap at TE of 740 553 1488 2781
SS flap
1.0% Gurney
flap at TE of 716 555 1512 2783
SS flap
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yA4

— Micro-vortex generators
(sub-boundary-layer height)

* Reduce or eliminate separation
* Increase CLmax and L/D
e Stowable

. Note: Not to scale

Gurney flaps

¢ Increase maximum lift
e Little or no increase in L/D
* Mechanically simple

Figure 1. Micro-vortex generators and Gurney flaps.
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Figure 2. Vane-type micro-vortex generators producing vortices to enhance mixing between lower-energy
boundary-layer flow and higher-energy boundary-layer flow.



Figure 3. Conventional vane-type vortex generators (reference 7).

49



Flow

Flow —
—>
e | ' TFIOW SS S S S TS
Side View Top View Side View Top View
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Side View Rear View

(e) Stepped chord vortex generator

Figure 4. Complex vortex generators (reference 8).
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Micro-vortex generators -\
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Stowed during cruise

Micro-vortex generators

Deployed for high lift

Figure 5. The concept of stowing micro-vortex generators in the flap-well during cruise (reference 14).



¢S

(a) Co-rotating

|

Flow —»

-------- e atr ——" Y
pl—— TG

B | y
-------- S S i B
pl—" T

Bl | \
________ A'—F"f“‘---—--———-_jL
pl - TG

Bl |

(b) Counter-rotating

Figure 6. Micro-vortex generator orientation.
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Figure 7. Side views of vane-type micro-vortex generator shapes.
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14°]

Separation bubbles

Vortices

(a) Conventional airfoil with no Gurney flap

Upstream —— :

set;)nl?brg};on Gurney flap

Two vortices of
opposite sign

\
&\ Flow partially turned
\ toward flap

(b) Airfoil with Gurney flap

Figure 8. Liebeck's hypothesized flow fields at the airfoil trailing edge without and with a Gurney flap (reference 18).
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Wing
trailing
edge

(a) Lower-surface vortex shedding

/ Accumulated dye
Wing trailing edge \ / Gurney flap

Upper-surface shedding vortex —\

/- Recirculation region

(b) Flow inside recirculation region

Figure 9. Trailing-edge flow field near Gurney flap from the water-tunnel study
by Neuhart and Pendergraft (reference 17).
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9§

Figure 10. Split-flap configuration
(reference 19).

Cove tab is
retracted when
flap is stowed

Figure 11. Gurney flap mounted at trailing edge of
main element in the cove region (reference 21).
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Figure 12.

Photograph of full-scale, semi-span business jet wing mounted in NASA Langley's 30- by 60-Foot Tunnel.
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Surface pressure locations
1440
Fence
2400
3300 Spoiler
’ 3390

4500

Aft flap

Main flap

Aileron trim surface

Figure 13. Schematic of the business jet wing.
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(b) Details of the middle set of flap-tracks, (gaps) and push-rods.
Figure 14. Photographs of flap-tracks, gaps and push-rods on wing.
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Top View 1“ 0.25
p / >

0.016" =t
End View l

o

Figure 15. The basic micro-vortex generator geometry designed for this study (Note: not to scale).
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2.0"

L— 1.0"—>| / 0.5" L——»
0.016" -wide slot cut to fit MVGs

‘ Material thickness = 1/8"
(a) Co-rotating orientation

Flow Flow
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/ /

0.5" +—>\ |<— 1.0"-»' |+- 1.0"—»‘ 0.5" L———>

0.016" -wide slot cut to fit MVGs

Material thickness = 1/8"

(b) Counter-rotating orientation
Figure 16. Micro-vortex generator mounting guide strips (Note: not to scale).
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R

Figure 17. Photograph of micro-vortex generators mounted on flap.
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Figure 18. Gurney flaps applied to the trailing edge of the single-slotted flap system.



L3

434

g

64

Figure 19. NASA Langley's 30- by 60-Foot Tunnel.
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Figure 20. Micro-vortex generator locations tested on the single-slotted flap.



Configuration 1

Figure 21. 1.0% Gurney flap applied to the trailing edge
of the single-slotted flap.
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Configuration 3

Figure 23. 0.5% Gurney flap applied to the trailing edge of the
main airfoil element (in the cove region).

Configuration 2

Figure 22. 1.0% Gurney flap mounted approximately one inch
forward of the trailing edge of the single-slotted flap.

Configuration 4

Figure 24. 0.5% Gurney flap applied to the trailing edge of the
main airfoil element (cove) and the 1.0% Gurney flap applied
to the trailing edge of the single-slotted flap.
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(@) o= 0° | (b) o = 6°

Figure 25. Flow visualization of the full-scale, semi-span business jet wing at & = 34°.
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Figure 25. Concluded.
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Figure 26. Effect of MVG 6 orientation on the lift and drag coefficients;

Cf=20%ct, B=16° A =1" (COR), A =2" (CTR), d=1" (CTR), 6 = 34°.
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Figure 27. Effect of MVG 6 orientation on pitching moment coefficients;
Cf=20%cs, B =16°, A=1"(COR), A=2"(CTR), d =1" (CTR), & = 34°.
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(a) Baseline wing, no micro-vortex generators. (b) MVG 6, COR orientation, Cf = 20%ct, B = 16°, A = 1",

Figure 28. Flow visualization of the single-slotted flap element; &; = 34°, o = 4°.
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Figure 29. Effect of B and Cj on the lift and drag coefficients; COR orientation,
A=1" &= 34°.
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Figure 30. Effect of f and C¢ on the pitching moment coefficient; COR orientation,
A=1" 8;=34°
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Figure 31. Effect of Cs on the lift and drag coefficients; COR orientation,
B=23°A=1" & =34°.
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Figure 32. Effect of Ct on the pitching moment coefficient; COR orientation,
B=23°%A=1" & =34°.
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Figure 34. Effect of taping the flap-tracks, gaps and push-rods on the pitching
moment coefficient; no MVGs, & = 34°.
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(a) Baseline wing untaped (b) Baseline wing taped

Figure 35. Flow visualization of the single-slotted flap with flap-tracks, gaps and push-rods
untaped and taped; & = 34°, o = 0°.
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Figure 36. Effect of spacing on the lift and drag coefficients; COR orientation,
Ct = 7%ct, P = 23°, &5 = 34°, wing taped.
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Figure 37. Effect of spacing on the pitching moment coefficient; COR orientation,
Ct = 7%ct, B = 23°, 8 = 34°, wing taped.
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Figure 38. Effect of flap deflection on the lift and drag coefficients; COR orientation,
Ct = 7%cs, B =23°, A = 2", wing taped.
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Figure 39. Effect of flap deflection on the pitching moment coefficient: COR orientation,
Ct=7%ct, B =23° A = 2", wing taped.
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Figure 40. Effect of spacing on the lift and drag coefficients; COR orientation,
Ct = 20%cy, B = 23°, & = 30°, wing taped.
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'Figure 41. Effect of spacing on the pitching moment coefficient: COR orientation,
Ct = 20%ct, B = 23°, 8¢ = 30°, wing taped.
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Figure 42. Schematic of wing with "pockets” of separation in single-slotted flap region.
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Figure 43. Effect of Gurney flap Configuration 1 on the lift and drag coefficients;
o =10°.
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Figure 44. Effect of Gurney flap Configuration 1 on the lift-to-drag ratio;

8 = 10°.
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Figure 45. Effect of Gurmey flap Configuration 1 on the pitching moment coefficient;
o = 10°.
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Figure 46. Effect of Gurney flap Configuration 1 on the lift and drag coefficients;
&f = 20°.
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Figure 47. Effect of Gurney flap Configuration 1 on the lift-to-drag ratio;

of = 20°.
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Figure 48. Effect of Gurney flap Configuration 1 on the pitching moment coefficient;
of = 20°.
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Figure 49. Effect of Gurney flap Configuration 1 on the lift and drag coefficients;
of = 30°.
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Figure 50. Effect of Gurney flap Configuration 1 on the lift-to-drag ratio;

8 = 30°.
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Figure 51. Effect of Gurney flap Configuration 1 on the pitching moment coefficient:
of = 30°.
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Figure 53. Effect of 0.5% Gurney flap at trailing edge of
single-slotted flap on surface pressure; & = 30°, o= 5.7".
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Figure 54. Effect of Gurney flap Configurations 1 and 2 on the lift and drag

coefficients; 6 = 20°.
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Figure 55. Effect of Gurney flap Configurations 1 and 2 on the lift-to-drag ratio;

of = 20°.
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Figure 56. Effect of Gurney flap Configurations 1 and 2 on the pitching moment
coefficient; & = 20°.
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Figure 57. Effect of Gurney flap Configurations 1 and 2 on the lift and drag
coefficients; &5 = 30°.
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Figure 58. Effect of Gurney flap Configurations 1 and 2 on the lift-to-drag ratio;

8 = 30°.
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Figure 59. Effect of Gurney flap Configurations 1 and 2 on the pitching moment
coefficient; & = 30°.
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Figure 60. Effect of Gurney flap Configurations 1 and 3 on the lift and drag

coefficients; & = 20°.

98



20.0

15.0

YD 0.0

5.0

0.0

—6— Baseline Wing
—8— Configuration 1
—o6— Configuration 3

5

5 10 20

o (degrees)

15

25

Figure 61. Effect of Gurney flap Configurations 1 and 3 on the lift-to-drag ratio;
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Figure 62. Effect of Gumey flap Configurations 1 and 3 on the pitching moment

coefficient; 6¢ = 20°.
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Figure 63. Effect of Gurney flap Configurations 1 and 3 on the lift and drag
coefficients; & = 30°.
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Figure 64. Effect of Gurney flap Configurations 1 and 3 on the lift-to-drag ratio;

8¢ = 30°.
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Figure 65. Effect of Gurmney flap Configurations 1 and 3 on the pitching moment
coefficient; & = 30°.
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Figure 66. Effect of Gurney flap Configurations 1, 3, and 4 on the lift and drag
coefficients; &; = 20°.
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Figure 67. Effect of Gurney flap Configurations 1, 3, and 4 on the lift-to-drag ratio;
of = 20°.
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Figure 68. Effect of Gumney flap Configurations 1, 3, and 4 on the pitching moment
coefficient; & = 20°.
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Figure 69. Effect of Gurney flap Configurations 1, 3, and 4 on the lift and drag
coefficients; & = 30°.
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Figure 70. Effect of Gumey flap Configurations 1, 3, and 4 on the lift-to-drag ratio;

of = 30°.
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Figure 71. Effect of Gumey flap Configurations 1, 3, and 4 on the pitching moment
coefficient; & = 30°.
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Figure 72. Comparison of the single-slotted flap and double-slotted flap
(with no Gurney flap) effects to the 0.5% Gurney flap and 1.0% Gurney flap
(in Configuration 1) effects on the lift and drag coefficients; 6 = 10°.
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Figure 73. Comparison of the single-slotted flap and double-slotted flap
(with no Gurney flap) effects to the 0.5% Gurney flap and 1.0% Gurmey flap
(in Configuration 1) effects on the lift-to-drag ratio; 8 = 10°.
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Figure 74. Comparison of the single-slotted flap and double-slotted flap
(with no Gurney flap) effects to the 0.5% Gurney flap and 1.0% Gurney flap
(in Configuration 1) effects on the pitching moment coefficient; 5 = 10°.
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Figure 75. Comparison of the single-slotted flap and double-slotted flap
(with no Gurney flap) effects to the 0.5% Gumey flap and 1.0% Gurney flap
(in Configuration 1) effects on the lift and drag coefficients; 8¢ = 30°.
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Figure 76. Comparison of the single-slotted flap and double-slotted flap
(with no Gurney flap) effects to the 0.5% Gurney flap and 1.0% Gumey flap
(in Configuration 1) effects on the lift-to-drag ratio; & = 30°.
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Figure 77. Comparison of the single-slotted flap and double-slotted flap
(with no Gumey flap) effects to the 0.5% Gurney flap and 1.0% Gurney flap
(in Configuration 1) effects on the pitching moment coefficient; 8¢ = 30°.
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Figure 78. Schematic of takeoff and landing distances for an aircraft over a 50-foot obstacle
(reference 26).
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Figure 79. Takeoff and landing distance performance analysis.
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